With a newly improved isospin-and momentum-dependent interaction and an isospin-dependent Boltzmann-Uehling-Uhlenbeck transport model, we have investigated the effects of the slope parameter L of the nuclear symmetry energy and the isospin splitting of the nucleon effective mass m * n−p = (m * n − m * p )/m on the centroid energy of the isovector giant dipole resonance and the electric dipole polarizability in 208 Pb. With the isoscalar nucleon effective mass m * s = 0.7m constrained by the empirical optical potential, we obtain a constraint of L = 64.29 ± 11.84(MeV) and m * n−p = (−0.019 ± 0.090)δ, with δ being the isospin asymmetry of nuclear medium. With the isoscalar nucleon effective mass m * s = 0.84m extracted from the excitation energy of the isoscalar giant quadruple resonance in 208 Pb, we obtain a constraint of L = 53.85 ± 10.29(MeV) and m * n−p = (0.216 ± 0.114)δ.
I. INTRODUCTION
One of the main tasks of nuclear physics is to understand the in-medium nuclear interactions and the equation of state (EoS) of nuclear matter. The uncertainties of the isospin-dependent part of the EoS, i.e., the nuclear symmetry energy (E sym ), has hampered our accurate understanding of nuclear matter properties, while it has important ramifications in heavy-ion reactions, astrophysics, and nuclear structures [1] [2] [3] [4] [5] [6] [7] [8] . Thanks to the great efforts made by nuclear physicists in the past decade, a more stringent constraint on E sym at subsaturation densities has been obtained from various analysis, with the slope parameter of the nuclear symmetry energy so far constrained within L = 60 ± 20 MeV [9] [10] [11] , although further verifications are still needed. On the other hand, the in-medium isospin splitting of the nucleon effective mass m * n−p = (m * n − m * p )/m has become a hot topic recently. Compared to the bare nucleon mass in free space, the in-medium nucleon effective mass comes from the momentum-dependent potential in non-relativistic models (see, e.g., Chapter 3 of Ref. [7] ). The isospin splitting of the in-medium nucleon effective mass is thus related to the momentum dependence of the symmetry potential in non-relativistic models [12] . It has been found that the isospin splitting of the nucleon effective mass is as important as the nuclear symmetry energy in understanding the isospin dynamics in nuclear reactions [13] [14] [15] [16] [17] [18] [19] , and has * corresponding author: xujun@sinap.ac.cn ramifications in the thermodynamic properties of isospin asymmetric nuclear matter as well [20, 21] . Moreover, the neutron-proton effective mass splitting is actually inter-related to the nuclear symmetry energy through the Hugenholtz-Van Hove theorem [10, 22] . For a recent review on the isospin splitting of the nucleon effective mass, we refer the reader to Ref. [23] .
Giant resonances of nuclei serve as a useful probe of nuclear interactions and the EoS of nuclear matter at subsaturation densities. The studies on giant resonances mainly follow two methods, i.e., the random-phase approximation and the transport model calculations. As a breathing oscillation mode in the radial direction of a nucleus, the isoscalar giant monopole resonance (GMR) is a good probe of the incompressibility of nuclear matter [24] [25] [26] [27] [28] , while the isoscalar giant quadruple resonance (IS-GQR), an oscillation mode with quadruple deformation of a nucleus, has been found to be much affected by the isoscalar nucleon effective mass m the saturation density shows a good linear dependence on L [44, 47, 48] . It was argued that the accurate knowledge of α D and ∆r np can help constrain significantly the nuclear symmetry energy at subsaturation densities [40] . The effect of the neutron-proton effective mass splitting on the IVGDR properties was realized only recently [34] . It is also worth mentioning that the dynamical isovector dipole collective motion in fusion reactions could be a probe of the nuclear symmetry energy as well from transport model studies [50] [51] [52] [53] [54] [55] .
Recently we have improved our isospin-and momentum-dependent interaction (MDI) [56, 57] , which was previously extensively used in the studies of thermodynamic properties of nuclear matter, dynamics of nuclear reactions, and properties of compact stars (see Ref. [58] for a review). In the improved isospin-and momentum-dependent interaction (ImMDI) [21] , the momentum dependence of the mean-field potential has been fitted to that extracted from proton-nucleus scatterings up to the nucleon kinetic energy of about 1 GeV, and more isovector parameters are further introduced so that the density dependence of the symmetry energy and the momentum dependence of the symmetry potential, or equivalently, the isospin splitting of the nucleon effective mass, can be mimicked separately. In the present study, we are going to investigate the effect of the nuclear symmetry energy and the neutron-proton effective mass splitting on the centroid energy E −1 of IVGDR as well as the electric dipole polarizability α D , by employing the ImMDI interaction together with the isospin-dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport model. With the experimental data of E −1 and α D from the IVGDR in 208 Pb available [39, 47, 59] , we are able to constrain both the slope parameter of the symmetry energy and the isospin splitting of the nucleon effective mass, once the isoscalar nucleon effective mass is well determined. Section II gives a brief introduction to the ImMDI interaction and the necessary formalisms for IVGDR. Detailed studies on the extraction of m * s and the constraint on L and m * n−p from IVGDR are presented in Sec. III. We conclude in Sec. IV.
II. THEORY
A. An improved isospin-and momentum-dependent interaction The potential energy density functional in the asymmetric nuclear matter with isospin asymmetry δ and nucleon number density ρ from the ImMDI interaction can be expressed as [21, 56] 
(1)
The single-particle potential of a nucleon with isospin τ and momentum p in the asymmetric nuclear matter with the isospin asymmetry δ and nucleon number density ρ can be expressed as
In the above, ρ n and ρ p are the number density of neutrons and protons, ρ 0 is the saturation density, and δ = (ρ n − ρ p )/ρ is the isospin asymmetry. f τ ( r, p) is the phase-space distribution function with τ = 1(−1) being the isospin label of neutrons (protons). The potential energy density of Eq. (1) can be derived based on the Hartree-Fock calculation from an effective interaction with a zero-range density-dependent term and a finite-range Yukawa-type term [60] .
In the ImMDI interaction [21] , the isovector parameters x, y, and z are introduced to vary respectively the slope parameter of the symmetry energy, the momentum dependence of the symmetry potential or the neutronproton effective mass splitting, and the value of the symmetry energy at the saturation density, via the following relations
where p f = (3π 2 ρ 0 /2) 1/3 is the nucleon Fermi momentum in symmetric nuclear matter at the saturation density. We set z = 0 all through the manuscript. The values of the parameters A 0 , B, C u0 , C l0 , σ, Λ, x, and y can be fitted or solved from the saturation density ρ 0 , the binding energy E 0 at ρ 0 , the incompressibility K 0 , the mean-field potential U ∞ 0 at infinitely large nucleon momentum at ρ 0 , the isoscalar nucleon effective mass m * s at ρ 0 , the symmetry energy E sym and its slope parameter L at ρ 0 , and the isovector nucleon effective mass m * v at ρ 0 , as detailed in APPENDIX A.
B. Isovector giant dipole resonance
The isovector giant dipole resonance (IVGDR) is a collective vibration of protons against neutrons, with the isovector dipole operator defined aŝ
where N , Z, and A = N + Z are the number of neutrons, protons, and the mass number of the nucleus, respectively, andX is the distance between the centers of mass of protons and neutrons in the nucleus. The strength function of IVGDR can be calculated from the isovector dipole moment via
iωt dt is the fourier transformation of the isovector dipole moment with E = ω. In order to initialize the isovector dipole oscillation, the initial momenta of protons and neutrons are given a perturbation in the opposite direction according to [61] 
with p i being the momentum of the ith nucleon alonĝ X, and the perturbation parameter η = 25 MeV/c used in the present study. One sees that a larger η leads to a larger amplitude of the oscillation D(t), while the strength function S(E) is independent of η as the amplitude is cancelled from the denominator. Once the strength function of IVGDR is obtained, the moments of the strength function can be calculated from
Both the centroid energy and the electric dipole polarizability can be measured from photoabsorption experiments. The centroid energy, corresponding to the peak energy in the photoabsorption energy spectrum, is the main frequency of IVGDR. The electric dipole polarizability, characterizing the response of the nucleus to the external electric field, is related to the photoabsorption cross section σ f via [39] 
Since both the strength function S(E) and the photoabsorption cross section σ f are related to the energy spectrum of the excited states in the nucleus, the centroid energy and the electric dipole polarizability can be expressed in terms of the moments m k of the strength function as
and
We note that the relation between α D and m −1 is different from that in Ref. [34] , because we only consider onedimensional oscillation, and the definition of the isovector giant dipole operator is different from that used in Ref. [34] based on a random-phase approximation approach.
In the following calculations, we fit the time evolution of the isovector giant dipole moment with the function
where a, b, and c are fitting constants characterizing the amplitude, the frequency, and the damping time of IVGDR, respectively. With the help of Eq. (11), the strength function S(E), the moments of the strength function m −1 and m 1 , the centroid energy E −1 of IVGDR, and the electric dipole polarizability α D can be expressed analytically in terms of the fitting constants respectively as
,
III. RESULTS AND DISCUSSIONS
In the following study, we employ the IBUU transport model together with the ImMDI interaction to investigate the giant resonances of nuclei. The positions of the projectile and target in the IBUU transport model are fixed, i.e., with zero beam energy. The initial density distribution is sampled according to that generated from Skyrme-Hartree-Fock calculations with the same physics quantities used in the ImMDI interaction, such as L, m * v , etc., listed in Table I . The initial nucleon momentum is sampled accordingly to the local density from the Thomas-Fermi approximation. We generate events from 40 runs with each run 200 test particles. Since the oscillation generally lasts for hunderds of fm/c, in order to improve the stability in the calculation with the momentum-dependent mean-field potential, we use the nuclear matter approximation in the real calculation by taking the phase-space distribution function as f τ ( r, p) = 2 h 3 Θ (p f τ − p) and using the analytical expression (Eqs. (2) and (A.23) ) for the momentum-dependent mean-field potential. This is similar to the spirit of the Thomas-Fermi approximation in the case that the vibration compared to the stable distribution is small. With this treatment, we found that up to t = 500 fm/c only about 17% of the total nucleons become free particles.
A. Extract the isoscalar nucleon effective mass
We first extract the isoscalar nucleon effective mass from the optical potential. The single-particle potentials in symmetric nuclear nuclear matter at the saturation density, with different values of the isoscalar nucleon effective mass m * s but same other isoscalar properties of the nuclear interaction, are displayed in Fig. 1 . We can see that only the parameter set that leads to m * s = 0.7m, with m being the nucleon mass in free space, can describe reasonably well the real part of the optical potential extracted from proton-nucleus scatterings by Hama et al. [62, 63] . 
where r i and z i are respectively the radial and z-direction coordinate of the ith nucleon, and Y 20 is the spherical harmonic function. Noticing that the following scaling relation in the ISGQR is observed (see, e.g., Ref. [64] )
we choose λ = 1.1 in our simulation to initialize the oscillation. The value of λ is close to 1 corresponding to a small vibration with respect to the equilibrium distribution. Again, we found that the value of λ only affects the amplitude but has almost no effect on the frequency of ISGQR. The time evolution of the isoscalar giant quadruple moment, with different values of the isoscalar nucleon effective mass but same other isoscalar properties of nuclear interaction, is displayed in the left panel of uncertainties in the present study. In the following study, we will thus employ the parameter Set I and Set II that lead respectively to m * s = 0.7m and 0.84m together with different combinations of the isovector parameters x and y to study the isovector giant dipole resonances of nuclei. The values of the parameters and the corresponding physics quantities are detailed in Table I. B. Constrain the symmetry energy and the neutron-proton effective mass splitting
We first employ the parameter Set I with m * s = 0.7m, which is able to reproduce the empirical optical potential as shown in Fig. 1 , to study the properties of the IVGDR in 208 Pb. Three different parameter sets, with different combinations of the slope parameter L of the symmetry energy and the isovector effective mass m * v detailed as Set I(a), Set I (b), and Set I(c) in Table I , are employed in the study. The initial momenta of neutrons and protons are modified with the perturbation parameter η as detailed in Sec. IIB. The oscillation amplitude is proportional to η while its frequency is found to be insensitive to the choice of η. The resulting time evolution of the isovector dipole moment is displayed in the left panel of Fig. 3 . One sees that the time evolution of D(t) follows a good damping oscillation mode as in Eq. (11) . In order to avoid oscillation in the Fourier transformation due to the finite t max in the transport model calculation, a damping factor of exp(− γt 2 ) with the width γ = 2 MeV is multiplied to the isovector dipole moment D(t) in calculating the strength function S(E) from Eq. (5) as in Ref. [61] . This slightly affects the damping coefficient c in Eq. (11) but has very small effects on the final results as can be seen from the analytical formulaes of Eq. (12) . The resulting strength functions from the numerical Fourier transformation is displayed in the right panel of Fig. 3 . It is seen that with a softer symmetry energy (Set I(b)), the main frequency, i.e., the centroid energy in the IVGDR, is larger, due to the larger symmetry energy at subsaturation densities acting as a stronger restoring force. On the other hand, the centroid energy is sensitive to the isovector nucleon effective mass as well, with a larger isovector effective mass (Set I(c)) leading to a smaller centroid energy of IVGDR. This could be understood since the oscillation frequency is smaller with a larger reduced mass of the system, with the latter attributed to the larger isovector effective mass once the isoscalar effective mass is fixed.
The constants a, b, and c can be obtained from fitting the isovector dipole moment D(t) according to Eq. (11), and their detailed values for the three parameter sets are listed in Table I . The resulting centroid energy E −1 and the electric dipole polarizability α D calculated analytical according to Eq. (12) are also listed in Table I . It is seen that for a given isovector effective mass m * v , a larger slope parameter L leads to a smaller centroid energy E −1 and 208 Pb obtained experimentally from the photoabsorption measurement is E −1 = 13.46 MeV [59] , while the electric dipole polarizability is α D = 19.6 ± 0.6 fm 3 measured from photoabsorption cross section by Tamii et al. [39] and with further correction by subtracting quasideuteron excitations [47] . With the above experimental data available, the constraints on the slope parameter L and the isovector effective mass can be solved from Eq. (15) 
where the error bars, which originate from the fitting and the statistical error of a, b, and c listed in Table I, 
The above constraint is, however, different from that obtained by analyzing nucleon-nucleus scattering data within an isospin-dependent optical model [70] . Next, we choose the isoscalar nucleon effective mass to be m * s = 0.84m while keeping other physics quantities the same in the ImMDI parameterization, and the resulting parameter sets are listed as Set II(a), Set II(b), and Set II(c) in Table I 
The constraint from both ISGQR and IVGDR on the neutron-proton effective mass splitting is consistent with that obtained in Ref. [70] . 
IV. CONCLUSIONS
Based on an improved isospin-and momentumdependent interaction (ImMDI) and an isospindependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport model, we have studied the effect of the slope parameter L of the nuclear symmetry energy and the isovector nucleon effective mass m * v on the centroid energy E −1 of the isovector giant dipole resonance (IVGDR) and the electric dipole polarizability α D in 208 Pb. We found that both E 
